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I. INTRODUCTION 
Materials subjected to the irrad i at ion envi r onme nt have 
been studied to predict changes in their physical a nd 
mechanical properties. Irradiation of metals results i n the 
production of the point defects and t ransmutation products. 
Subsequent diffusion of the irradiat ion produced defects 
ge nerally leads to microstructural changes in a mater ial 
with attendant mechanical and physical property changes. 
Intense levels of radiation-produced defects in the 
form of atom i c displacement cascades are produced in 
materials in fission and fusion reactor environments. 
Additional damage in the form of impurities, such as H, He, 
and heavier impurity atoms, is produced by higher energy 
ne utrons or ions by means of nuclear reactions. 
Furthermore, the radiat ion produced defects and impurity 
atoms can interact with one another to produce spec i a l 
mic r ostructura l effects not seen in unir radia t ed materials . 
It is important to understand the effects of irradiation on 
the properties of fission and fusion reactor materials. 
High energy proton accelerators may be used for 
radiation damage studies. Recentl y t wo high energy pro t on 
accelerators have become available: one at the Los Al amos 
Meson Physics Facility ( LAMPF ) at t he Los Alamos National 
Laboratory in New Mexico, with a pulsating beam of 80 0 Me V 
protons, and one at the Swiss Institute for Nuclear Research 
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(SIN) at Villigen, Switzerland, with a steady beam of 600 
MeV protons . The LAMPF accelerates the protons to 800 MeV 
at a design current of about 1 mA. The accelerator opera t es 
in a pulsed mode o f a frequency of 120 Hz. 
The LAMPF may be used f o r several different purposes. 
It can be used to carry out genera l radiation damage studies 
using the direct proton beam or t he spallation ne utrons 
produced at the beam stop . Another possible applicat ion of 
the LAMPF is to develop specific mater ials for its 
structures, such as beam line windows , beam line stops, and 
targets that are r ad iation damaged during irradiation . 
Especially, the beam line window is r eceiving considerable 
attention by i nvestigators at SIN concerning modi f i cati ons 
of the beam target at their 600 MeV proton accele r a tor and a 
collaborative research is underway a t LAMPF . 
Recently, an 11 00 MeV proton accelerator with an 
average current of 5 mA was proposed by researchers at KFA-
JUl ich to serve as a spallation neutron source. To 
investigate materials for cladding and beam windows for this 
accelerator a joint Jtili ch-Los Al amos research program was 
set up [ l] . 
The LAMPF and SIN protons have been used in radiation 
damage studies for various materials using the direct proton 
beam and spallation neutrons produced at the beam stop . In 
addition to produc ing atomic displacement damage in the 
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lattice , t hese protons generate H and He at very high r ates 
through spallation reactions . The damage chara cte r i s tics o f 
high energy proton irrad iations are very similar to those of 
fission and fusion neutrons, but the mechanisms of the 
ene r gy transfer to the latti ce a toms are rather dif f e r ent . 
The high energy protons produce s pal lation reactions in the 
target atoms. Spallat ion reactions occur in two stages : 
(1) intranuc lear and internuclear cas cade s t age, and (2) 
deexcitation stage. In the fir st stage, the inciden t proton 
strikes one nucl eon a~ a time within the nuc l eus , and t he 
struck nucleons may strike other nucleons, which const i tutes 
the intranuclear c ascade . Some of the struck nucl eons may 
escape from the nucleus and strike other nuclei where the 
process is repeated (internuclear cascade) . In this 
fashi on, a cha in o f internuclear interactions occurs until 
the ejected nucleon energy is reduced to an e nergy so low 
that no further interactions take place . At the end of the 
internuclear cascade, the product nucleus usually rema ins i n 
an exc i t ed state . In the second stage of high energy 
reactions, t he deexcitation o f the nucleus t akes place by 
evaporat i on of nucleons and light nuclei, or by fission . As 
a result of these spallation reacti ons , materials experience 
a spec ial type o f radiation damage and deposit a l arge 
amount of energy that result in atomic displacements and the 
production of H, He, and heavier transmut ation products in 
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mate r i a ls [ 2]. 
The purpose of this work is to analyze the effects o f 
proton irradiations on the tensile properties of the BCC 
metals and alloys, Ta, Fe, Fe-2.25Cr-1Mo, and Fe-12Cr-1Mo 
(HT-9) using the engineering stress-strain charts which are 
the resul t s of the 800 MeV proton irrad i ati on experiments 
done by Brown et al . [ 3 ]. The Cr-Mo steels are considered 
as possible first-wall and blanket structure materials for 
fusion reactors operating up to about 520°C. The 
irrad i ati o n studies in fast breeder reac tor research have 
indicated that 12Cr- 1Mo steel could be used f or this 
application because of i ts excellent swelling resistance 
[4] . Similar irradiation studies have been noted for the 
2 . 25Cr-1Mo steel in t he Breeder Reacto r program [4] . It was 
also noted tha t the 12Cr-1Mo and 2.25Cr-1Mo steels are ve ry 
suitable alloys for the proton beam window which i s in 
con tact with Pb-Bi, on the basi s of the measured strength 
and ductili t y upon irradiati o n [3] . 
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II. LITERATURE REVIEW 
The 800 MeV LAMPF protons and 600 MeV SIN protons have 
been used for several material irradiation studies . 
Chara cterization of radiation damage induced by these high 
energy protons has been gaining considerable attention 
becaus e of the possibility of extrapolating this information 
to high energy neutron damage produced in nuclear fission 
and e specially fusion environments (5-8] . 
Coulter et al . calculated radiation damage effects of 
800 MeV protons incident on a 1 cm thick Cu target [9] . In 
that study, radiation damage was found to be uniform across 
the sample and thus provided a reasonable simulation to 
radi a tion damage effects relevant to the fusion reactor 
applications . In the calculation of radiation damage 
effects of the 800 MeV protons in copper, The Nucleon-Meson 
Transport Code (NMTC) (10-13] was employed to calculate the 
nuclear interactions produced in the target material by the 
incident protons. The theory of Lindhard et al . (14-16] was 
employed in the determination of damage energy deposition in 
the target due to the energetic particle and nuclei evolved 
in the NMTC calculation. 
One of the very important results of the calculations 
of Coulter et al . is that the damage energy cross section, 
aE, for the 800 MeV protons on copper is quite high, 350 
barn- Kev, compared to 273 for 14 MeV neutrons, 83 . 2 for 
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U-235 neutrons, and 45.1 barn-KeV for the fission reactor 
neutrons at the Experimental Breeder Reactor (EBR-2). The 
corresponding displacement cross section is given by 
( 2 • 1 ) 
which for ~ = 0.8 and the threshold displacement energy, T d 
= 22 eV, gives ad = 6400 barns for the 800 MeV protons, 4963 
for 14 MeV neutrons, 1512 for U-235 neutrons, and 820 barns 
fo r fission reactor neutrons at EBR-2 [9]. The ASTM 
standards give T d = 30 eV for copper (17] . 
The higher displacement production rates for heavy ion 
bombardments and the corresponding contraction in the 
exposure time to achieve a given displac ement concentration 
are largely responsible for the use of accelerators to 
simulate neutron radiation ~ffects . However, there is an 
important drawback to the use of heavy ion bombardments, 
that is, the stopping power is very high (10 4 MeV/cm) ( 18 ] . 
On the contrary , for 800 MeV protons, the stopping power in 
Cr, Fe, Ni, and Cu is given as 12-15 MeV/cm (19] . For 
heavy-ion bombardments the defect generation rate as a 
function of penetration distance is extremely non-uniform, 
and great care must be exercised to take proper account of 
the spacial variation of the damage [2]. On the other hand , 
for 800 MeV proton bombardments, near uniformity of damage 
in centimeters thick samples is achieved, and quite high 
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damage energy and displacement cross sections are maintained 
[ 2]. 
One of the important considerations concerning 
radiation damage in fusion reactor structural materials is 
the embrittlement due to helium gas production. Conn gives 
the ratio of the He production (in appm/yr) to the 
displacement production (in dpa/ yr) in 316 stainless steel 
as 15.4 for the fusion reactors, and 0 .6 3 for the fission 
reactors, and similar results are given for other metals 
[2 0 ]. Coulter et al. i ndicate that the r at io of the He 
production to t he displac ement production in copper is 10 
times greater for the 800 MeV protons and about 100 times 
smaller for the fission neutrons than the fusion neutrons 
[ 9]. In another radiation damage study, Sommer et al. 
calculated radiation damage effects of 800 MeV protons for 
Al, stainless steels, Mo, and W (21]. The displacement 
cross sections for the four materials are 1400, 4100, 7700, 
and 1400 0 barns, respect ively, to be compared to 6400 barns 
for copper. Altogether, the displacement cross sections are 
quite high for the 800 MeV protons. 
Sommer et al. s t udied radiation-produced defects in Al 
by using transmission electron microscopy [2 2 ]. In that 
experiment, Al specimens were irradiated at 50°C with the 
LAMPF 800 MeV protons. Some of the spec imens were 
cyclically stressed during i rradiation . Cyclic stressing 
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during irradiation reduced both the number of voids and the 
size of voids formed in the alumi num . This was consistent 
with a model of Weertman and Green which predicts that 
moving dislocations should be better vacancy s inks than 
stationary ones [2 3 ]. In addition, Sommer et al . made a 
kinetic analysis to determine the effects of arbitrary 
numbers of repeated pulses and their associated radiation 
produced temperature oscillations on the material structure 
[24]. It was found that pulsing irradiation has no direct 
effect on material swelli ng and void growth. 
In another experiment, Farnum et al. observed 
radiation-produced defects in Wand Mo by using field ion 
microscopy [ 25] . In that experiment, 0 . 075 mm tungs ten and 
molybdenum wires were irradiated with the 800 MeV protons at 
an ion current of 5-8 µA for 10 days at ambie n t temperature . 
Following irradiation, field-ion microscopy analyses were 
made at 78°K utilizing an exchange medium o f 90% helium and 
1 0% neon . Tungsten samples showed a few vacant l attice 
sites as well as a defect zone, while Mo samples exhibited 
excessive numbers of vacancies and vacancy clusters . 
Systemati c experimental studies of temperature, stress, 
total f luence, and helium effects have been conducted on 
aluminum [ 26-30]. Green et al. studied the effects of high 
helium production rate on microstructural evolution in 
aluminum during 600 MeV proton irradiation. Samples of 
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high- purity aluminum were irradiated at 120°C with 60 0 MeV 
protons to 0 . 2, 0.6, and 2 dpa (26]. Transmission electron 
microscopy on specimens irradiated to 0.2 and 0 . 6 dpa showed 
the presence of cavity-denuded zones (CDZ) along grain 
boundaries and cavity-containing zones (CCZ) adjacent to the 
CDZ. At the dose level of 2 dpa, a dense population of very 
small cavities is resolved on or near grain boundaries . 
Jang et al. investigated formation of irradiation-
induced defects in proton irradiated high-purity aluminum 
using transmission electron microscopy (30]. The spec ime ns 
were irradiated by 800 MeV protons to about 0 .25 dpa, 
producing about 20 appm He, 130 appm H, and approximately 7 0 
appm of spallation products. The irradiated specimens were 
found to contain a high concentration of cavities, joggy 
dislocations, black spots, and dislocation loops. A post 
irradiation annealing treatment at 250°C resulted in 
complete disappearance of small cavities and formation of 
gas bubbles on grain boundaries. 
In another study, Green calculated radiation damage 
effects of 600 MeV protons incident on a 1 0 mm thick 
aluminum target (31]. This calculation was repeated for 800 
MeV protons for comparison. The calculated damage 
characteristics produced by 600 MeV proton irradiation of 
aluminum, copper, type 316 stainless steel, titanium, 
vanadium, and molybdenum were also reported [31]. 
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Brown and Cost measured radiation hardening and 
embrittlement by tensile tests on 800 MeV proton irradiated 
304 SS, Alloy 718 (18.5Fe-19Cr-52.5Ni-3Mo), Ta, and Mo [32]. 
In that experiment , tensile samples were directly water 
cooled during irradiation and were tested at room 
temperature . For the 304 SS and annealed Alloy 718, the 
yield strengths increased by about a factor of 3 and 1.6, 
respectively, while the ductility decreased by about 30% and 
40%. In the BCC metals (Ta and Mo), the yield strengths 
increased by at least a factor of 2 . Tantalum samples 
retained significant ductility at room temperature, wh ile 
several molybdenum specimens broke at less than 0 . 2% strain . 
The newly developed metallic glasses have some special 
properties that make them very attractive for some 
technological applications. These amorphous metallic 
glasses could be useful as structural materials for fusion 
and fission reactors. Cost and Sorruner made resistivity 
measurements on a number of samples to investigate the 
response of metallic glasses to irradiation (33] . 
As mentioned before, investigaters at SIN have been 
working on a research program to develop materials for their 
600 MeV proton accelerator beam line windows . Materials 
that will be chosen for this servi ce must be compatible with 
the molten Pb-Bi and retain reasonable ductility and 
strength during 600 MeV proton irradiation to f luences of 
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10 25 p /m 2 at a temperature 673°K. Collaborative work is 
underway at LAMPF to test materials for SIN windows. 
Initial studies and examinations have indicated t hat BCC 
metals and alloys, Fe, Ta, Fe-2.25Cr-1Mo, and Fe-12Cr-1Mo 
(HT-9), could be candidates for this application. 
Recently, Brown et al. examined th e mechanical property 
changes in these BCC metals and alloys to find out whether 
they could be useful as structural materials for proton 
accelerator beam line windows in contact with Pb-Bi [ 3] . In 
that experiment, sheet tensile samples, 0 .5-mm t hic k, of t he 
four materials were fabricated and heat t reated as described 
in Table 1, which also gives some comments on the r esulti ng 
microstructures [3]. 
TABLE 1. Sample heat treatments [3] 
Material Temperature Time Comments 
( K) (min) 
Ta 1523 60 Not recrystallized 
Fe 1193 5 About 0 .5-mm diameter 
grains 
Fe-2.25Cr-1Mo 1213 7 1 0- 20 mm grain s i ze 
873 30 Not fully hardened 
Fe-12Cr-1Mo 1323 7 Martensitic 
973 60 
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The samples were sealed inside capsules containing Pb-
Bi and were proton-irradiated at LAMPF to two fluences, 4.8 
x 10 23 p/ m2 for the low-fluence samples and 5.4 x 10 24 p / m2 
for the high-f luence samples. The beam current was 
approximately equal to the 1 mA anticipated for the upgraded 
SIN accelerator. The power deposited by the proton beam in 
the capsules was sufficient to maintain sample temperatures 
of about 673°K. Post-irradiation tensile tests were 
conducted at room temperature at a strain rate of 9 x 10- 4 
s- 1 • A clip-on extensometer was used to monitor strain 
during the first portion of the test. At about 5 percent 
strain, it was necessary to remove the extensometer, and the 
test was continued with crosshead displacement as the 
measure of strain. 
In this study, the effects of 800 MeV proton 
irradiations on the tensile properties of these BCC metals 
and alloys were analyzed in terms of Young's modulus and 
strain hardening parameters using the engineering stress-
strain charts obtained in [3]. 
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III. STRESS-STRAIN DIAGRAMS 
The application of mechanical forces to a solid body 
causes the body to change shape (deform) and, in some cases, 
to break (fracture) . These responses define the mechanical 
properties that were analyzed in this work. Of special 
importance are stress and strain, which will be defined 
later. These quantities were used to characterize the 
behavior of materials. 
The load (lbs)-distance (inch) charts for four material 
samples were obtained from the experiments described in [3]. 
A typical chart is shown in Figure 1. 
As mentioned before, a clip-on extensometer was used to 
monitor the strain during the first portion (part A in 
Figure 1) of the test . At point C (Figure 1), it was 
necessary to remove the extensometer, and the rest of the 
test was continued with the crosshead displacement as the 
measure of the strain. To be able to analyze the effect of 
800 MeV proton irradiations on the mechanical properties of 
the materials, these load-distance charts were first 
converted to the engineering stress (ksi)-strain (%) 
diagrams and then to true stress-strain diagrams. The 
conversion from chart inches to strain was done for the 
first part (A) and second part (B) separately. 
During the first portion (part A) of the test, the 
chart was driven by the output of the extensometer, so that 
J. 4 
300 
250 
200 ,... 
II 
..!l -~ 150 
"1] 
a 
0 
...J 
100 
Pa,..t. A 
so 
c 
a 
a l 2 3 4 s s 1 s g 10 11 12 13 14 15 
Chart Distance Cinan) 
FIGURE 1. A load-distance chart, as obtained f r om the 
tens ile test 
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one cha rt inch corresponded to a 0.1% relative increase in 
the distance between the arms of the extensometer . Since 
the gage length of the extensometer was 2 inches, one inch 
on the chart corresponded to an extension of 0.00lx2=0 . 002 
inches. S ince the gage length of the sample was 0.375 inch 
(Figure 2), the strain in the sample corresponding to point 
C in Figure 1 or 10 chart inches is 
EA = ~~ = ~:~~ 5 = 0.0533 = 5.33% ( 3 . 1 ) 
The early region of part A in Figure 1 shows a concave 
upward shape, which is due to the taking up of slack in the 
load system at points inside the extensometer arms, but 
outside the gage section of the sample . Thus, in this 
region , the extensometer output is driving the chart but 
the sample is not straining and the load is increasing only 
slightly; This is an unavoidable problem associated with 
the need to employ sub-size samples . 
The extensometer was so arranged that it was necessary 
to remove it after an extension of 0.02 inches (10 chart 
inches) . Therefore, during the second part (part B, Figure 
1) of the test, the crosshead motion distance was used as a 
measure of the strain . The crosshead speed was 0 . 02 
inch/min and the chart speed was 2 inch/ min. Therefore, 
one inch on the chart corresponds to 0.01 inch extension . 
Thus, the strain for part B is 
16 
t 
0.375 
lll 
N 
.-1 
1.500 
l 0 
--.\ 0.375 l+-
Dimensions in inches 
FIGURE 2 . Sheet tens ile sample, thickness, 0.127 inches 
or 
0.01 d 
€ B = 0.01 d 0.3 7 5 
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= 0 . 0266 d ( 3 . 2 ) 
€B(%)= 2 . 66 d ( 3.3 ) 
where d is the distance in inches from point C in Figure 1 
to the point where the strain is being de t ermined. Hence, 
the total strain for part A and part B together is 
( 3. 4 ) 
or 
e(%)= 5.3 33 + 2.666 d ( 3 . 5 ) 
The engineering stress is defined as the force per unit 
original cross-sectional area acting on a material and given 
by 
p 
a=--
A o 
( 3 • 6 ) 
where a i s the engineering stress, Pis applied load (lbs ) , 
and A0 is the initial cross-sectional area of the sample 
(in2) , which gives stress in psi. 
The convers ions for t he engineering s t rain and stres s 
were carried out by using the relations discussed above, 
i.e, for strain less than 5.33%, equation ( 3.1 ) ; for strain 
3!eater than 5.3 3% , equat i on (3 .5 ) ; and for stress, equation 
(3.6 ) . The original cross-sectional areas (A
0
) and the 
full-scale loads are given in Tables 2-5 for the samples of 
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the four types of materia l s. 
TABLE 2 . Area (A 0 ) and f ull-scale load for Ta sampl es 
Sample Area (A 0 ) Full-Scale Load 
( in 2 ) (lbs) 
Un i rradiated 
Ta-13 0.00197 120 
Ta-14 0.00197 120 
Ta-1 5 0.00197 120 
Ta-16 0 . 00195 120 
Low i rradiated 
Ta-1 0 . 00197 120 
Ta-2 0 .0 01 95 120 
Ta-11 0 . 00 1 94 120 
Ta-12 0 . 00 1 88 120 
High irradiated 
Ta-3 0.00193 300 
Ta-4 0 . 00185 300 
Ta-5 0 . 00193 300 
Ta-6 0 . 00192 300 
The load-distance cha r ts were digitized to obtain t he 
engineering stress-strain diagrams and data files for later 
analyses. Since the charts were very large in size for the 
digitizer , they were digitized in two part s separately and 
t hen appended to each other. The digitizing process was 
done by using the Hipad computer program wri t ten in Uniaps 
Coma l l anguage and the following Conunodore computer 
apparatus: 
1 . Disk drive Commodore-1541 
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TABLE 3. Area (A 0 ) and full-scale load for Fe samples 
Sample Area (Ao ) Full-Scale Load 
( in 2 ) (lbs) 
Un irradiated 
Fe-8 0.00258 60 
Fe-9 0.00264 60 
Fe-10 0.00276 60 
Fe-18 0.00253 60 
Fe-19 0.00274 60 
Fe-20 0.00257 60 
Low irradiated 
Fe-1 0.00243 60 
Fe-2 0.00150 120 
Fe-16 0 . 00179 60 
High irradiated 
Fe-3 0.00206 120 
Fe-4 0.00202 120 
Fe-5 0.00202 120 
2 . Digitizer : Hipad TM digitizer 
3. Computer : Comrnodore-64 
4. Video monitor : Commodore, model 1702 
5 . Printer Okidata-120 
6. Plotter Hewlett-Packard, model 7225A 
In plotting a stress-strain curve, there are two 
different systems of stress-strain that can be used . One 
system, the engineering stress-strain, is based on the 
initial dimensions of the test samples, while the second 
system, the true stress-strain, is based on the 
instantaneous sample dimensions. The engineering system is 
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TABLE 4. Area (A 0 ) and full - scale load for Fe-2 . 25Cr - 1Mo 
samples 
Samp l e Area (A 0 ) Full - Sca l e Load 
( in 2 ) (lbs ) 
Un irradiated 
C-14 0 . 00250 6 00 
C-15 0 . 00250 3 00 
C-16 0 . 00 254 3 00 
C- 17 0 .0 0 253 3 00 
C- 18 0.0 0185 3 00 
C-21 0 . 001 33 3 00 
C-23 0 . 00254 300 
C-24 0 . 00251 3 00 
Low irradiat ed 
C-2 0 . 0018 4 3 00 
C- 3 0 . 0020 8 3 00 
C-12 0 . 00 1 78 3 00 
C-13 0 .0 0186 3 00 
High irradiated 
C-6 0. 00 1 77 3 00 
C-7 0. 0 0168 300 
used for convenience, but does not give an accurate 
descripti on of t he actual behavi o r o f t he materia l s a t 
strains above about 1 0% . Thus, at higher strains i t 
sometimes becomes necessary to use true stress and st r ain . 
True stress takes into account the fact that the l oad-
bearing area dec reases with i nc reasi ng stra i n. I n t he 
elastic reg i on ( strain generally l ower than about 0 .5%), the 
eng i neering stress and the true stress are essentially the 
same, and s imilar l y for engineering strain and t r ue s t rain . 
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TABLE 5 . Area (A 0 ) and full-scale load f o r Fe-1 2Cr-1Mo 
(HT-9) samples 
Sample Area (A 0 ) Full-Scal e Load 
( in 2 ) (lbs) 
Un irradiated 
HT-11 0 .00271 600 
HT-12 0.0 0275 600 
Low irradiated 
HT-1 0 . 002 44 600 
HT-2 0.00270 600 
HT- 9 0.00260 600 
HT-1 0 0 .00 262 60 0 
High irradiated 
HT-4 0 . 00272 600 
HT-5 0 . 00272 600 
The following quantities c an be defined to f urther 
describe the two stress-strain systems: 
L0 = initial gage length of undeformed specimen 
L = instantaneous gage length after some def o rmation 
has occurred 
A0 = initial cross-sectional area 
A = instantaneous cross-sectional area after 
some deformation has occurred 
P = applied load 
The true stress is defined as 
p a = A 
The engineering strain is defined as 
( 3 . 7) 
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€ = ( 3 • 8 ) 
whereas the true strain is defined as 
e = Ln(L/ L0 ) = Ln(l+e) ( 3 • 9 ) 
If there is no volume change in the specimen during the 
deformation, the following relation is valid between the 
true stress and the engineering stress 
a= o(l+e) (3.10) 
Since we may be working in the region where the s t rain is 
larger than 10%, it is necessary to convert the engineering 
stress-strain diagrams to true stress-strain diagrams to be 
able to analyze the work hardening. 
As mentioned above, the observed shapes of the load-
distance chart curves are not a true reflection of the 
actual behavior of the materials in the low strain region, 
due to the taking up of slack in the load chain at regions 
inside the extensometer arms but outside of the sample gage 
length. This is shown in Figure 3 in terms of engineering 
stress versus apparent engineering strain. Because the 
strain is only apparent, the attempt was made to obtain a 
more valid indication of the material behavior in the low 
strain region. This was done by performing the following 
steps: 
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1. De te rmine the inflection point on the stress-strain 
curve (a-e). To determine the inflection point (point of 
maximum slope), a least-squares straight line was evaluated 
for each group of five adjacent digitized points. This 
yielded an approximate point of maximum slope, s max' and it 
permitted the evaluation of the approximate strains e 1 and 
e 2 corresponding to Smax / 2, as shown in Figure 3. For 
Fe-10, C-14, and C-18 samples, there were not enough data 
points between Smax and Smax / 2. Therefore, it was necessary 
to take some additional data points whose corresponding 
slopes were smaller than Smax / 2. Then, a least-squares 
polynomial fit was made to the digitized points between e 1 
and e 2 • A third-degree polynomial regression was used, with 
a given by 
( 3 . 11) 
and the best-fit values of A0 , A1 , A2 , A3 were obtained . 
Figure 4 shows the polynomial-fitted curve in the region 
2 . The maximum slope was determined as follows: From 
Equation 3 . 11 
S = slope = do de 
If we take the derivative of Equation 3.12 , then 
d S d 2 a 
de = de 2 = 2A2+ 6A3e 
(3 . 12) 
( 3. 13) 
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The maximum slope corresponds to 
dS = O 
de 
whereby, the s train at the inflection point is 
e =-1 
and the maximum slope, by Equation 3 . 12 , is 
( 3.14) 
( 3 . 15) 
( 3 . 16 ) 
3 . The slope of stress-strain curve in the elasti c 
region was tentatively assumed to correspond to Sm a x' i.e, 
assumed to correspond to the slope of the modulus line or to 
Young's modulus. Thus, for strains below the inflection 
point ate= e 1 , the stress-strain curve was linearly 
extrapolated with slope Sma x ' as indicated by the line PQ in 
Figure 5. The strain at point P where a= 0 is labelled e a , 
which is given by 
e = a 
where a 1 
01 
e ---
1 S "' ax 
is the stress at the inflection point. 
ca l culated by using Equation 3 . 17. 
(3 . 17) 
e a was 
4 . The stress-strain curve was then transla ted to lower 
strains, so as to bring a= 0 at e= O. The translated curve 
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for the high-irradiated Fe-4 sample is shown in Figure 6. 
5. The engineering stress-strain ( a-e ) curves were then 
converted to true stress-strain (a-e ) curves, using the 
relations between these two systems 
a= a(l+e) (3.18) 
and 
e = Ln(l+e ) (3. 19 ) 
Figure 7 shows the engineering stress-strain (a-e) and true 
stress-strain (a-€) curves for the u nirradiated 
Fe-2.25Cr-1Mo sample C-15. 
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IV. YOUNG'S MODULUS AND WORK HARDENING 
In this chapter, t he Young's modulus and the work 
hardening parameters are discussed. These are two important 
mechanical properties o f materials in studying the effects 
of high e ne r gy proton i rradiat ion . 
IV.l. Young's Mod u lus 
When s olid materials are subjected t o low stresses, 
the y us ual l y respond in an elastic fashion; that is, the 
strain pr oduced by the s t ress is reversible, wh i ch means 
that the strain returns to z ero when the stress is removed . 
Also, t he strai n is proportional to stress in this region , 
as expressed by Hooke's l aw. For a uniaxial applied tensile 
stress, a, Hooke's law is simply 
a = Ee (4 . 1) 
where the constant of proportionality, E, is known as the 
Young's modulus. Th is relationship is normally valid only 
for low s t rai ns (bel ow about 0 .5%) . 
Young's modulus is on ly slightly inf luenced by s ma ll 
variations in internal s t ruc ture, such as small additions o f 
alloying elements or the presence of defects like . vaca nci es, 
dislocations, or grain boundaries. For alloys that s how 
complete solid solubility, the Young's modulus usually 
va r i es linearly with composi tion . Alloys that form 
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intermediate phases have a much more complex composition 
dependence of the Young's modulus. The general rule is 
then; the stronger the interatomic forces, the higher the 
modulus ( 34 ). 
In addition to the composition dependence of the 
Young's modulus, there is also a crystallographic variat ion 
in modulus; that is, if we measure E along diff erent 
c rystal l ographic directions in a sing l e crystal, we ge t 
diff erent values. Th·is directional variation is known as 
anisotropy . The samples considered in this study were 
polycrystalline, for which the effect of crystalline 
anisotropy was averaged ou t . Finally, Young 's modulus 
decreases with increasing t emperature. Generally, the 
decrease is approximately linear with tempera ture up t o 
about half the melting point (in°K), and the modulus 
decreases more rapidly with further i ncre ase in temperature 
[ 34] • 
As discussed in Chapter II I, an attempt was made to 
associat e the maximum slope, s ma xt of t he stress-strain 
curve in the low strai n region with Young's modulus. Va l ues 
of Smax for all of the samples tested are given in Tables 
6-9. The average Sm ax for the unirradiated materials are 
compared with literature values of Young's modulus in Table 
10. It is seen that the average S max values are much lower 
than t he expected values of Young 's modulus . 
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TABLE 6 . S max for Ta samp les 
Sampl e Sm ax 
10 6 (psi) 
Un irradiated 
Ta-13 11. 78 
Ta-14 10.62 
Ta-15 9.92 
Ta-16 9.32 
Low i rradiated 
Ta-1 4.31 
Ta-2 9 . 29 
Ta-1 1 5 . 33 
Ta-12 7 . 62 
High irradiated 
Ta-3 2 . 83 
Ta-4 3 . 72 
Ta-5 4.58 
Ta-6 5 . 86 
IV.2. Work Hardening 
At higher stress l evels the slope o f the stress - s t rai n 
curve becomes muc h lower and Hooke's l aw no longer describes 
the relation between stress and s t rain. This region is 
known as the plastic region and is charac t erized by t he fa c t 
t hat t he deformation becomes permanent, or plastic . When 
the stress is removed, the material unloads elasti ca l l y , but 
a permanent stra i n rema ins in material . 
The app li ed tensi l e stress required to induce plastic 
behavior is known as the e l asti c limit or yield stress. 
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TABLE 7. S max for Fe samples 
Sample S m ax 
10 6 (psi ) 
Un irradiated 
Fe-8 4.31 
Fe-9 6 .58 
Fe-1 0 8.2 0 
Fe-18 4.29 
Fe-19 4.65 
Fe-20 2.44 
Low irradiated 
Fe-1 4.99 
Fe-2 1.79 
Fe-16 3.86 
High irradiated 
Fe- 3 2 . 79 
Fe-4 30.1 
Fe-5 3.03 
This stress is rather important in structura l desi gn , 
because it marks the l imit at which small deformations are 
produced by small inc reases in stress. The inc rease i n 
s tress required to continue t he plastic deformat i on at a 
given strain rate in the plas tic region is c al l ed work 
hardening or strain hardeni ng. The more a material i s 
p l astically deformed, t he more difficult it be comes to 
plastically def o rm the material furt her. 
As plas tic deformation continues, the cross-sectiona l 
area dec reases , but the load-carryi ng capacity of t he 
s pecimen increases d ue to the work hardening. The maximum 
TABLE 8. 
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S max for Fe-2.25Cr- 1Mo samples 
Sample 
Un irradiated 
C-14 
C-15 
C-16 
C-17 
C-18 
C-21 
C-23 
C-24 
Low irradiated 
C-2 
C-3 
C-12 
C-13 
High irradiated 
C- 6 
C-7 
1O 6 (psi ) 
56.10 
28.90 
15. 70 
11. 81 
58.88 
8 . 05 
5 . 32 
4.3 0 
4.93 
6.08 
4.58 
9 . 24 
5.88 
6.45 
load that the specimen can withstand defines a common 
engineering property, the ultimate tensile strength. In the 
plasti c region the stress-strain curves fo r many materials 
are observed to obey the following relation [34,35]: 
( 4. 2 ) 
where K is a strength constant and n is a work hardening 
exponent. If we take the logar i thm of equat ion (4.2 ), then 
ln(a) = ln(K) + nln(e) ( 4. 3 ) 
which is a straight line equation and can be expressed as 
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TABLE 9. Sma x for Fe-12Cr-1Mo (HT-9) samples 
Sample S m ax 
1 0 6 (psi ) 
Un irradiated 
HT-11 7.59 
HT-12 7.26 
Low irradiated 
HT-2 2.33 
HT-9 4.99 
HT-10 2.13 
High irradiated 
HT-4 3.80 
HT-5 5.51 
TABLE 10 . Comparison between average Sma x for unirradiated 
samples and literature values of Young ' s modu lus 
Material Average Young's Reference 
Sm ax modulus number 
10 6 (psi) 10 6 (psi ) 
Ta 10.4 ± 0 . 813 27 34 
Fe 5.1 ± 1.461 29 34 
Fe-2.25Cr-1Mo 23.7 ± 18.24 30 39 
Fe-12Cr-1Mo 7 .4 ± 0.165 27 39 
y = a + bx ( 4 . 4) 
where y = ln(a) , a= ln(K ) , and bx= nln(e). 
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For the four materials, the engineering stress-strain 
data were converted to true stress-strain data, and then 
these data were fitted to equation (4.3) t o obtain the 
constants lnK and n. Some of the observed curves (C-1 4, 
C-15, HT-11, and HT-12) of ln(true stress)-ln(true strain ) 
were very close to a straight line and s ome o f t hem (Ta-13, 
Ta-14, Fe-8, and Fe-9) were upward concave in shape (Figure 
8), so that the values of Kand n were found by usi ng a 
linear least-squares fit to the Ln-Ln data between 0 . 2% 
offset yield stress and ultimate tensile strength . The 
values of K, n, and true uniform s train are give n in Tables 
11-14 for the samples of four materials. The discontinuity 
between A and B in Figure 8 is due to the removal of the 
extensometer at about 5% strain. As mentioned before, after 
t he removal of the extensometer, the rest of t he test was 
continued with the crosshead motion as a measure of the 
strain. 
R2 values were calculated to check the goodness of f it 
to the actual data distribution. R2 is known as the 
coefficient of determination and interpreted as the 
proportionate reduction of total variation in y associated 
with the use of independent variable x and given by [ 36) 
R 2 = SSTO-SSE 
SSTO ( 4. 5) 
where SSTO is the sum of the squared deviations from t he 
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mean given by r ( y 1 -y)
2 and SSE is the error sum of squares 
given by r(y 1 -y ( x 1 ))
2
, and in these expressions, y 1 is t he 
observed value, y(x 1 ) is the predicted value, and y is the 
mean of the observed values of y. If all the obse r vations 
fall on the fitted regression line, SSE = 0, and therefore, 
R2 = 1. Thus, the larger is R2 , the more is the total 
variation of y reduced by introducing independent variable 
x . In other words, the larger is R2 , the better i s t he f it 
to the observed data. For all the samples tested, the value 
of R2 was found to be between 0 .95 and 0 . 99. Hence, i t can 
be said that the work hardening equation (4 .2 ) descr ibes 
quite well the observed ·shape of the stress-strai n curve in 
the work hardening region. 
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TABLE 11. Work harden ing parame ters for Ta 
Samp l e Strength Work Tr ue 
coeffi cient hardening uniform 
K (Ks i) exponent,n strain 
Un irradiated 
Ta-13 80.07 0.126 0 . 152 
Ta-14 8 2 . 27 0 .1 51 0 . 161 
Ta-1 5 83.76 0.127 0.128 
Ta-16 78 . 81 0.1 31 0 . 145 
TABLE 12 . Work hardening parameters for Fe 
Samp l e S trength Work True 
coefficient hardening uniform 
K (Ksi) exponent,n s tra i n 
Un i rradiated 
Fe-8 36.42 0.288 0 .1 95 
Fe-9 32.00 0.192 0 .1 91 
Fe-10 41.16 0.298 0 . 257 
Fe-18 46.84 0.286 0 . 283 
Fe-19 43.72 0.311 0 . 3 07 
Fe-20 41.13 0 .3 42 0 . 277 
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TABLE 13. Work hardening parameters for Fe-2.25Cr-1Mo 
Sample Strength Work True 
coefficient hardening uniform 
K (Ks i) exponent,n strain 
Unirradiated 
C-14 135.74 0 . 180 0 . 136 
C-15 144.88 0.195 0.160 
C-16 151. 7 3 0.200 0 . 170 
C- 17 136.91 0.179 0.160 
C-18 147.92 0 . 214 0.170 
C-21 134.34 0 . 231 0.136 
C- 23 159.14 0.243 0 . 175 
C-24 162 . 80 0.262 0 . 171 
High f luence 
C- 6 159.72 0 .12 9 0. 12 7 
C-7 132 . 70 0.107 0 .116 
TABLE 14. Work hardening parameters for Fe-12Cr-1Mo (HT-9) 
Sample Strength Work True 
coefficient hardening uniform 
K (Ks i) exponent,n strain 
Un irradiated 
HT-11 214.22 0.173 0 . 08 7 
HT-12 220.53 0 . 176 0.095 
High f luence 
Ht-4 232 . 76 0.230 0 . 126 
HT-5 239.73 0.193 0 . 105 
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V. RESULTS AND DISCUSSION 
Tables 6-9 show the values of the maximum slope, Smax' 
in the early regions of t he stress-strain curve for all of 
the samples tested . It can be seen that there is 
considerable scatter in the values obtained, which indicates 
that the tensile tests were too crude to enable a reasonably 
a ccurate value of Young's modulus to be determined. This is 
perhaps only to be expected, since the apparatus used for 
both unirradiated and i rradiated samp les was designed to be 
operated remotely in the hot cell s . In the very low strain 
reg ion where the deforma tion is elast ic (below about 0.5%), 
it is difficult to avoid some spurious extension due to t he 
apparatus itself rather t han the strain ing of the sample. 
This would cause the strain to appear to be higher than i t 
actually is in the sample, and thus would yield an 
abnormally low slope to t he stress-strain curve in the 
elastic regi on. As a result, the observed values o f S max 
would be lower than true Young's modulus. Furthermore, thi s 
would be expected to be especially the case for the 
irradiated samples, for which the alignment of the samples 
in the tensile machine was particularly d ifficult, and the 
observed S ~ax values are indeed lower in Tables 6-9 for 
irradiated case. At any rate, it can be concluded that t he 
values of S max do not correspond accurate l y to Young's 
modulus, as can be seen i n Table 10 for the unirradiated 
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materials, where some comparison with lite rature values of 
Young's modulus is possible. 
Figures 9-12 show the digitized engineeri ng stress-
strain curves for all of the samples tested. For irradiated 
Ta and Fe, Figures 9 and 10, respectively, show the onset o f 
p l astic instability immediately upon plastic deformati on. 
Thus, the yield and ultimate tensile stresses were 
coincident, and no work hardening was exh i bited. Therefore, 
the s tress-strain curves for i r r adiated Ta and Fe were not 
a na lyzed in terms of work hardening. That i s why the va l ues 
of K and n for high i rradiated samp les of the Ta and Fe are 
not included in Tables 11-14. Also, the values of K a nd n 
are not given in Tables 11-14 for low irradiated samples of 
f our materials. One reason f o r this is that some low 
irradiated samples, especia lly samples o f the Fe a nd Ta 
showed very little work hardening, so that there was not 
e nough data to fit to the work hardeni ng equation (4.2 ) . 
Another reason is that anomalous shapes were obtained for 
the stress-strain curves of ·many low irradiated sampl es of 
the four materials; this made the evaluation of the work 
hardening parameters not reasonable. 
The value of the work harden i ng exponent, n, should be 
numerically equal to the true uniform strain if the t r ue 
stress-strain curve fits the work hardening equation. A 
comparison of the values of n a nd true uniform strai n in 
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Tables 11-14 for all materials except Fe-12Cr-1Mo s hows 
fairly good agreement. The values o f n for the Fe-12Cr-1Mo 
a lloy are about 45 percent higher than the true uniform 
strain. 
Ge nerally, the work hardening exponent decreased up on 
irradiation, and s o did the uniform strai n (Tables 11-14 ) . 
The decrease in the wo rk harden ing exponen t up on irradiation 
was also observed by other research ers [ 32 , 37 ] . Thi s 
decrease is explained by the fact that on c e the elasti c 
limit has been exceeded and deformati on initiated, the 
deformation is confined to channels known as dislocati on 
channels. After the passage o f the f irst few s lip 
dislocations, the radiation produced defects within the 
channels disappear and subsequent deformation occurs with 
less work hardening [ 37 ]. 
The appli c ation of the work hardening equation (4 . 2) 
yielded reasonably good fits to the experimental s tress-
s train curves. The stress-strain curves obtained, fitting 
data to the equation (4.2), are displayed in Figu res 13-16 
f o r Ta, Fe, Fe-2.25Cr-1Mo , and Fe-12C r - 1Mo , respectively. 
In Figure 17, the average curve for Ta i s s hown in the 
region between the lower yield stress and ultimate tensile 
s t rength . Fo r each i rrad i ati on condition. the a verage 
~ . 
values of K and n in Tables 11-14 were used in F igures 
13-22. 
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In plotting the curves in Figures 13-16, it was assumed 
that the Young's modulus was unchanged upon irradiation, 
therefore, for all irradiation conditions, the elastic 
region was drawn having the slope of the unirradiated 
material . 
In general, 800 MeV proton irradiation produced an 
increase in the yield stress and ultimate tensile stress and 
a decrease in the rate of work hardening and uniform strain. 
This was observed on pure metals Ta and Fe and iron base 
alloys Fe-2 . 25Cr-1Mo and Fe-12Cr-1Mo. Radiation-produced 
defects, such as point defects, impurity atoms, depleted 
zones, dislocation loops, cavities (voids and helium atoms), 
and precipitates, are responsible for strengthening and the 
loss of ductility. These defects serve as barriers to the 
motion of slip dislocations moving on slip planes. This 
increases the stress required to start a dislocation moving 
and to keep it moving. 
The decrease in the rate of work hardening upon 
irradiation is associated with the microscopic phenomenon of 
the dislocation channeling. Dislocation channels have been 
observed in many metals and the mechanisms of dislocation 
channeling have been discussed by many researchers (38]. In 
this process, radiation-produced defects impeding 
dislocation motion in a metal are cleared away as the 
dislocation moves through them. Succeeding mobile 
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dislocations, therefore, face a smaller resistance to their 
motions . Thus, they move along t he partially denuded glide 
plane more easily than the dislocations that first cleared 
the way . The stress required to move dislocations over slip 
planes that have been cleared of defects is much lower than 
the stress required to move first dislocations. Thus, an 
avalanche of dislocations is produced along the planar 
channels that have been cleared of defects. A group of 
parallel slip planes that have been cleared of obs tacles by 
moving dislocations is called a dislocation channe l and the 
process is called dislocation channeling [ 38 ). As the 
number of channels increases, the material becomes s ofte r . 
As a result of this, necking o r plastic ins tability occurs 
more readily in irradiated materials . 
A quick examination o f Figures 13-16 shows that the 
yield stress and ultimate tensile strength i ncreases and the 
work hardening and uniform strain decreases upon irradiation 
for the four materials. This increase in the yield stress 
and ultimate tensile strength is much larger for pure metals 
Ta and Fe than the two i r on base alloys. However, these 
alloys show some work hardening f o l lowing even high f luence 
irradiation, while pure metals exhibited plastic instability 
following plastic deformation. 
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VI. SUMMARY AND CONCLUSION 
In this work, the effects of 800 MeV proton irradiation 
on the stress-strain behavior were analyzed for Ta, Fe, 
Fe-2.25Cr-1Mo, and Fe-12Cr-1Mo (HT-9). The results can be 
summarized, as follows: 
• It was not possible to draw conclusions concerning 
the effect of irradiation on Young's modulus . 
• Reasonably good fits to the experimental stress-
strain curves were obtained using the work 
hardening equation a=Ken. 
• The work hardening exponent, n, decreased upon 
irradiation, and so did the uniform strain. 
• Irradiation caused an increase in the yield 
strength and ultimate tensile strength and a 
decrease in ductility. 
• The fractional increase in the yield strength and 
ultimate tensile strength and the fractional 
decrease in the work hardening and uniform strain 
is much larger for Fe and Ta than the iron base 
a lloys Fe-2.25Cr-1Mo and Fe-12Cr-1Mo. 
Since this work is completely based on the experimental 
stress-strain curves, the validity of the results presented 
in this work i§ .. largely dependent upon the accuracy of these 
curves . Thus, more studies and experiments need to be done 
to confirm the results of this work in order to have a 
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better understanding of the effects of 80 0 MeV proton 
irradiation on the tensile properties of the investigated 
four materials. 
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